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An analysis of the functional role of a diacidic motif
(Asp?36-Asp®®”) in the third intracellular loop of the AT, ,
angiotensin II (Ang II) receptor (AT,-R) revealed that sub-
stitution of both amino acids with alanine (DD-AA) or
asparagine (DD-NN) residues diminished Ang II-induced
receptor phosphorylation in COS-7 cells. However, Ang
II-stimulated inositol phosphate production, mitogen-
activated protein kinase, and AT, receptor desensitiza-
tion and internalization were not significantly impaired.
Overexpression of dominant negative G protein-coupled
receptor kinase 2 (GRK2)¥22°M decreased agonist-induced
receptor phosphorylation by ~40%, but did not further
reduce the impaired phosphorylation of DD-AA and
DD-NN receptors. Inhibition of protein kinase C by bisin-
dolylmaleimide reduced the phosphorylation
of both the wild-type and the DD mutant receptors by
~80%. The inhibitory effects of GRK2X22°M expression and
protein kinase C inhibition by bisindolylmaleimide on
agonist-induced phosphorylation were additive for the
wild-type AT;-R, but not for the DD mutant receptor. Ag-
onist-induced internalization of the wild-type and DD mu-
tant receptors was similar and was unaltered by coex-
pression of GRK2X?2°M, These findings demonstrate that
an acidic motif at position 236/237 in the third intracellu-
lar loop of the AT,-R is required for optimal Ang II-
induced phosphorylation of its carboxyl-terminal tail by
GRKs. Furthermore, the properties of the DD mutant re-
ceptor suggest that not only Ang II-induced signaling, but
also receptor desensitization and internalization, are in-
dependent of agonist-induced GRK-mediated phosphoryl-
ation of the AT, receptor.

The most intensively studied members of the superfamily of
G protein-coupled receptors (GPCRs)! are rhodopsin and the
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By-adrenergic receptor (B5-AR). Following agonist activation,
G -mediated signaling by the B,-AR is rapidly attenuated (or
desensitized) and the receptor is internalized (or sequestered)
into cells. In many GPCRs, these events result from phospho-
rylation of the agonist-activated receptors on serine/threonine
residues by G protein-coupled receptor kinases (GRKs) and the
consequent binding of B-arrestin proteins. Receptor-bound
B-arrestins not only uncouple the B,-AR from G, and initiate
desensitization, but also act as molecular adaptors in the en-
docytosis of B,-ARs via clathrin-coated pits and promote intra-
cellular signaling to mitogen-activated protein kinase cascades
(reviewed in Refs. 1-4).

Agonist-induced desensitization occurs in almost all GPCRs,
and is mediated by phosphorylation of the receptor by at least
two classes of serine/threonine kinase: GRKs and second mes-
senger-activated kinases, usually protein kinase A or C. Ago-
nist-induced phosphorylation has been demonstrated in nu-
merous GPCRs including the By,-AR, ml (5) and m2 (6)
muscarinic, substance P (7), somatostatin (8), §-opioid (9), en-
dothelin (10), A; adenosine (11), V, vasopressin (12), and AT,
and AT, angiotensin receptors (AT;-R and AT,-R) (13-17).
Phosphorylation usually occurs at multiple serine or threonine
residues, and in many cases these have been localized to spe-
cific regions of the receptors. In rhodopsin (18), the B5-AR (19),
the parathyroid hormone receptor (20), and the AT, receptor
(15, 16), phosphorylation sites are located within serine/threo-
nine-rich regions of the receptors’ cytoplasmic tails. However,
in the m2 muscarinic (21), ays-adrenergic (22), and ayg-adre-
nergic (23) receptors, they are present in the third intracellular
loop. Unlike second messenger-dependent kinases, which phos-
phorylate target proteins within well defined sequences (24),
the consensus sites for GRK-mediated phosphorylation in
GPCRs have not been unequivocally identified. However, the
frequent proximity of acidic residues, and the acidotropic pref-
erences of some GRKs for synthetic peptide substrates (25, 26)
has suggested that Asp or Glu residues adjacent to Ser/Thr
sites are required for GRK-mediated receptor phosphorylation
(19, 22). Recent studies on the B-adrenergic receptor (19), the
m, muscarinic receptor (27), the a,,- and ay,g-adrenergic re-
ceptors (22, 23, 28), and the u opioid receptor (29, 30) have
shown that neighboring acidic residues are necessary for GRK-
mediated phosphorylation.

The major agonist-induced phosphorylation sites of the rat
AT, ,-R are located in a serine/threonine-rich segment (Ser®26—
Thr338) of the receptor’s cytoplasmic tail (15, 16). However, the
only potentially relevant acidic residues within the intracellu-

mutant of GRK2; HA, hemagglutinin; PKC, protein kinase C; PNGase
F, peptide N-glycosidase F; Ang II, angiotensin II; BSA, bovine serum
albumin; PBS, phosphate-buffered saline; PAGE, polyacrylamide gel
electrophoresis.
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lar domains of the AT,-R are Asp?3¢ and Asp??’, and these are
located in the receptor’s third intracellular loop rather than
adjacent to the phosphorylation sites in the COOH-terminal
cytoplasmic domain (31). Earlier studies have shown that in-
dividual mutations of these aspartate residues have no major
effect on inositol phosphate signaling and internalization of the
AT, receptor (32). However, in the present study, a more de-
tailed analysis of this diacidic motif has demonstrated its im-
portance in GRK-mediated phosphorylation of the receptor,
and has raised questions about the general role of these ki-
nases in the regulation of desensitization and endocytosis of
GPCRs. This investigation of the functional importance of the
diacidic motif has indicated its requirement in agonist-induced
receptor phosphorylation of the AT;-R and has also suggested
that the majority of such phosphorylation is not essential for
receptor desensitization and internalization.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were from American Type Culture Collection. Phos-
phate-free DMEM, inositol-free DMEM, trypsin, antibiotic solutions,
OptiMEM, and LipofectAMINE were from Life Technologies, Inc. Me-
dium 199 was from Biofluids (Rockville, MD). Angiotensin II was from
Peninsula Laboratories (Belmont, CA). *?°I-[Sar!,Ile®]Ang II and '?°I-
Ang II were from Covance Laboratories (Vienna, VA), myo-[2-*H]inosi-
tol was from Amersham Pharmacia Biotech, and **P; was from ICN
(Costa Mesa, CA). Protein A-agarose and bisindolylmaleimide I were all
from Calbiochem (San Diego, CA). Peptide N-glycosidase F (N-gly-
canase) F (PNGase F; EC 3.5.1.52) was from Roche Molecular Biochemi-
cals and from Glyco (Heyford, United Kingdom), and the HA.11 mouse
monoclonal antibody was from BAbCo (Berkeley, CA).

Plasmids and Mutagenesis of the Rat AT,, Receptor cDNA—The
influenza HA epitope (YPYDVPDYA) was inserted after the codons of
the amino-terminal first two amino acids (MA) into the cDNA of the rat
AT, , receptor subcloned into pcDNA3.1 (Invitrogen, San Diego, CA) as
described previously (14). The expression vector pcDNA I-GRK2 domi-
nant negative mutant (GRK2X?2°M) was kindly donated by Dr. S. S. G.
Ferguson (33). Site-directed mutagenesis was achieved using the Quick
Change kit (Stratagene, La Jolla, CA), and mutant sequences were
verified by dideoxy sequencing using Thermosequenase (Amersham
Pharmacia Biotech).

Cell Culture and Transfection—COS-7 cells (American Type Culture
Collection) were grown at 37 °C in a humidified atmosphere of 95% air,
5% CO,, in DMEM supplemented with 10% FBS, 100 ug/ml streptomy-
cin, and 100 units/ml penicillin (COS-7 medium). Cells were seeded at
8 X 10° cells/10-cm dish in COS-7 medium and cultured for 8 days prior
to transfection using 5 ml/dish OptiMEM containing 10 pg/ml Lipo-
fect AMINE and the required pcDNA3.1 expression vectors for HA-
AT, Rs (wild-type and DD mutants) alone (5 ng/100-mm dish) or to-
gether with the pcDNA I-GRK2¥?2°M (3.75 and 2.5 ug DNA/100-mm
dish, respectively) for 6 h at 37 °C. After changing to fresh COS-7
medium, the cells were cultured for another 2 days prior to use. Binding
of 12°I-[Sar’,Ile®’]Ang II to intact cells was determined as described
previously (34).

HA-AT,,-R Phosphorylation Assay—Transfected COS-7 cells in
10-cm dishes were metabolically labeled for 4 h at 37 °C in 5 ml of
P,-free DMEM containing 0.1% (w/v) BSA and 100 uCi/ml *?P,. After
three washes in KRH (118 mm NacCl, 2.4 mm KCI, 1.8 mm CaCl,, 0.8 mm
MgCl,, 10 mM glucose, 0.1% (w/v) BSA, 20 mM Hepes, pH 7.4), cells were
incubated in the same medium for 10 min in a 37 °C water bath and
Ang II (100 nm) was added for another 5 min. After three washes with
ice-cold PBS, membrane lysates were prepared, extracted with salt/
urea, and solubilized prior to deglycosylation with PNGase F as de-
scribed (14, 15). Following immunoprecipitation with the HA.11 anti-
body and protein A-Sepharose, ®*P-labeled phospho-HA-AT, ,-Rs were
eluted into sample buffer for 1 h at 48 °C and resolved by SDS-PAGE
(8—-16% gradient resolving gel) prior to visualization in a Phosphor-
Imager (Molecular Dynamics, Sunnyvale, CA). In order to quantify the
relative phosphorylation of mutant HA-AT,,-Rs, membrane lysates
were normalized to an equal number of HA-AT, ,-Rs prior to immuno-
precipitation. COS-7 cells from replicate 10-cm dishes were detached by
trypsinization 24 h after transfection, reseeded into 24-well plates,
cultured for another 24 h, and subjected to radioligand binding compe-
tition assay using '?°I-[Sar!,Ile’]Ang II. B, values were obtained from
Scatchard analysis of the binding data using the LIGAND program.
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HA-AT,,-R Internalization Assay—'2°I-Ang II was added in serum-
free Medium 199 containing 1 g/liter bovine serum albumin to trans-
fected COS-7 cells in 24-well plates maintained at 37 °C for the required
times. Incubations were stopped by rapid washing with ice-cold PBS,
and acid-released and acid-resistant radioactivities were separated and
measured by y-spectrometry as described previously (35). The percent-
age of internalized ligand at each time point was calculated from the
ratio of the acid-resistant specific binding to the total (acid-released +
acid-resistant) specific binding. Nonspecific binding was determined in
the presence of an excess (10 uMm) of unlabeled [Sar! Ile®|Ang II.

[?H]Inositol Phosphate Measurements—Transfected COS-7 cells in
24-well plates were labeled by overnight incubation in inositol-free
DMEM containing 0.1% (w/v) BSA, 2.5% (v/v) FBS, antibiotics, and 20
wCi/ml myo-[2-*H]inositol. After washing and preincubation with 10
mM LiCl for 30 min, 100 nM Ang II was added for another 30 min.
Inositol phosphates were extracted as described (36) and applied to
Bio-Rad AG 1-X8 columns. After washing three times with water and
twice with 0.2 M ammonium formate, 0.1 M formic acid, the combined
[*Hlinositol bisphosphate + [*Hlinositol trisphosphate fractions were
eluted with 1 M ammonium formate, 0.1 M formic acid, and radioactiv-
ities were determined by liquid scintillation counting. At the expression
levels used in this study, there was a linear relationship between the
number of cell surface receptors and the magnitude of agonist-stimu-
lated [*Hlinositol phosphate production (37). Desensitization experi-
ments were performed as described previously (13). Labeled COS-7 cells
expressing the indicated receptors were preincubated in medium alone
or with 100 nM Ang II for 3 min and washed with PBS before the
treatment with 150 mm NaCl, 50 mm glycine, pH 3, for 30 s at 4 °C.
After washing three times with ice-cold PBS, the cells were incubated
for 15 min in medium containing 10 mum LiCl alone or with 100 nM Ang
II. [*H]Inositol phosphates were extracted and measured as described
above.

Western Blotting—Transfected COS-7 cells in 10-cm dishes were
grown for 1 day after transfection and reseeded in six-well plates. Cells
were serum-starved for 24 h before treatment with 100 nm Ang II for the
indicated time. After agonist stimulation at 37 °C, medium was aspi-
rated and cells were washed twice with ice-cold PBS, then lysed in 100
ul of Laemmli sample buffer. The samples were briefly sonicated,
heated at 95 °C for 5 min, and centrifuged for 5 min. The supernatants
were electrophoresed on SDS-PAGE (8-16%) gradient gels and trans-
ferred to polyvinylidene difluoride nylon membranes. GRK2 or phos-
phorylated ERKI and ERK2 were detected by using a polyclonal rabbit
anti-GRK2 antibody (0.5 ug/ml) (Santa Cruz Biotechnology, Santa
Cruz, CA) or a monoclonal mouse phospho-ERK1/2-specific antibody
(1:2000 dilution) (Cell Signaling Technology, Beverly, MA), respec-
tively. Blots were probed with a 1:3000 dilution of anti-rabbit or anti-
mouse horseradish peroxidase-conjugated secondary antibodies and vi-
sualized by using by ECL (enhanced chemiluminescence reagent), then
quantified by scanning laser densitometry (Amersham Pharmacia
Biotech).

RESULTS

Agonist-induced Phosphorylation of DD Mutants of the HA-
AT, ,-Rs—Substitution of both residues of the diacidic motif
(Asp?26-Asp?®”) located at the carboxyl-terminal end of the
third intracellular loop (31) with either alanine (DD-AA) or
asparagine (DD-NN) reduced the expression of the mutant
receptors below that of the wild-type AT, receptor (Table I).
However, the K, values of these and other relevant mutant
receptors were similar to those of the wild-type receptor, dem-
onstrating that the Asp?3®-Asp?3” motif is not required for high
affinity ligand binding to the AT, -R. In subsequent studies,
the relative degrees of agonist-induced phosphorylation of mu-
tant receptors were determined using solubilized membrane
lysates normalized to an equal number of receptors, as calcu-
lated from B, ,, values derived from radioligand binding assays
in replicate transfected cells prior to immunoprecipitation.

The phosphorylated HA-AT, ,-R extracted from Ang II-stim-
ulated COS-7 cells migrates as a diffuse band of M, 85,000—
145,000 in SDS-PAGE (14, 15). This broad migration pattern,
which is largely due to variable degrees of receptor glycosyla-
tion and possibly the presence of comigrating phosphoproteins,
interferes with the quantitation of the native phospho-HA-
AT, ,-Rs. For this reason, the solubilized phosphoreceptors
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TaBLE 1
Binding parameters of mutant HA-AT,,-Rs

Intact COS-7 cells expressing the indicated receptors were subjected
to radioligand binding competition assays for 2 h at 22 °C using ?°I-
[Sar'lle®*]Ang II, and K, and B,,,, values were calculated using the
LIGAND program. The B, value for the wild-type (WT) receptor was
1.7 = 0.4 pmol/mg of protein. The data represent mean values (+ S.E.)
from six to eight independent experiments.

Receptor K, Boax
nm % WT

WT 1.6 0.1 100
DD-AA 1.5+02 52+ 2
DD-NN 1.5+0.2 61 =2
DD-AD 1.7+0.2 83 2
DD-DA 1.7+0.2 40 =3
DD-ED 1.5+0.1 94+5
DD-DE 1.6 = 0.1 88+ 5
DD-EE 1.8 0.2 81+ 2
A335 1.6 £ 0.1 85+ 4

were subjected to enzymatic deglycosylation with PNGase F
prior to SDS-PAGE analysis. The deglycosylated phospho-HA-
AT, 4-R runs as a discrete doublet of M, ~40,000, consistent
with the predicted molecular mass (41 kDa) of the receptor, and
is separate from extraneous phosphoproteins (15). Under these
conditions, minimal basal phosphorylation of the wild-type HA-
AT, A-R, or of the two DD mutant receptors, was observed in
control cells (Fig. 1A). However, exposure of wild-type HA-
AT, s-R-expressing COS-7 cells to 100 nMm Ang II for 5 min
caused prominent phosphorylation of the receptor (Fig. 14). In
contrast, substitution of both Asp?®® and Asp??” with alanine
(DD-AA) or asparagine (DD-NN) reduced agonist-induced re-
ceptor phosphorylation by >60% (Fig. 1B).

Functional Characterization of Agonist-induced Signaling
Responses of DD Mutant HA-AT;,-Rs—In principle, mutation
of Asp?®¢ and/or Asp®*” to alanine or asparagine might “lock”
the HA-AT, ,-R into a conformation that is incapable of activa-
tion in response to agonist. Such inactive receptors would not
only fail to isomerize to a conformation that permits phospho-
rylation, but could also be unable to transduce intracellular
signals. However, exposure of DD-AA- or DD-NN-expressing
COS-7 cells to Ang II caused a significant increase in [*H]inosi-
tol phosphate production (Fig. 2A). Furthermore, when Ang
II-stimulated increases in [*H]inositol phosphate accumulation
were normalized to an equal number of receptors, there was no
reduction in the responses of the DD-AA- and DD-NN-express-
ing cells (Fig. 2B). In addition, Ang II-induced ERK activation,
normalized to an equal degree of receptor expression, was also
unaffected by the DD mutations. As shown in Fig. 2C, no
differences in ERK phosphorylation were observed in COS-7
cells expressing wild-type or DD mutant AT, , receptors after 5
min of stimulation with 100 nm Ang II. These data indicate that
the agonist-stimulated DD-AA and DD-NN receptors can isom-
erize to an active conformation with full efficacy for coupling to
Gy/11 signaling and activation of the ERK phosphorylation cas-
cade. Furthermore, since the magnitudes of Ang II-stimulated
[®Hlinositol phosphate and ERK responses mediated by the
DD-AA and DD-NN receptors did not exceed that mediated by
the wild-type HA-AT; ,-R, phosphorylation may not be essen-
tial for the desensitization mechanism(s) that normally limit
signaling by the AT, receptor (15). In this context, we compared
the magnitudes of Ang Il-stimulated [*H]inositol phosphate
production mediated by the wild-type and the DD mutants with
that mediated by a A335 truncated AT, receptor. As observed
previously (15), Ang II-induced intracellular signaling by the
truncated AT;,-R was increased, an effect attributable to re-
duced desensitization of the hypophosphorylated receptor. The
ability of the agonist-activated A335 receptor to stimulate ino-
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Fic. 1. Agonist-induced phosphorylation of diacidic mutants
of the HA-AT, ,-Rs. A, COS-7 cells expressing the HA-AT,, (WT) or
the DD mutant (DD-AA and DD-NN) angiotensin receptors were la-
beled for 4 h with 2P, before stimulation with vehicle or 100 nm Ang IT
for 5 min. Membrane lysates were prepared, extracted with salt/urea,
and solubilized prior to deglycosylation with PNGase F as described (13,
14). Following normalization of samples to an equal number of recep-
tors, 3?P-labeled phospho-HA-AT,,-Rs were immunoprecipitated with
the anti-HA antibody, resolved by SDS-PAGE, and visualized in a
PhosphorImager. B, quantification of five independent experiments are
expressed as mean * S.E. of the receptor phosphorylation induced by
100 nM Ang II. Receptor expression levels are shown in Table 1.

sitol phosphate production was much greater than those of the
wild-type and DD mutant receptors (Fig. 2, A and B), as was its
effect on ERK signaling (data not shown).

Agonist-induced Desensitization of DD Mutant HA-AT,,-
Rs—The capacity of the mutant receptors to undergo agonist-
induced desensitization was evaluated (13) by pretreatment for
3 min with 100 nm Ang II, which significantly reduced the
subsequent maximal Ang II-stimulated inositol phosphate pro-
duction as compared with non-treated control cells expressing
the wild-type receptor (Fig. 3A). Attenuation of inositol phos-
phate generation was also observed when the DD mutant re-
ceptors were pretreated with 100 nm Ang IT (Fig. 3A). Under
similar conditions a small reduction was observed for the A335
receptor and was insignificant after normalization for receptor
expression (Fig. 3B).

Internalization of DD Mutant HA-AT,,-Rs—In view of the
apparent difference in the role that phosphorylation plays in
the function of the HA-AT, ,-R compared with that of the B,-
AR, we also examined the internalization kinetics of the
DD-AA and DD-NN receptors in COS-7 cells. Like the [3H]
inositol phosphate and ERK responses mediated by these re-
ceptors, there was little difference in the rate and magnitude of
125]_Ang II internalization in DD-AA- or DD-NN-expressing
cells compared with those expressing the wild-type receptor
(Fig. 4). Hence, in contrast to the B,-AR, the majority of the
agonist-induced HA-AT, ,-R phosphorylation does not appear
to be required for its internalization following Ang II
stimulation.

Structural Requirements of the DD Motif for Optimal Ago-
nist-induced Phosphorylation, Inositol Phosphate Signaling,
and Receptor Internalization—An evaluation of the structural
requirements of the Asp?36-Asp®®7 motif for optimal AT,,-R
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Fic. 2. Inositol phosphate re-
sponses and mitogen-activated pro-
tein kinase activation by mutant HA-
AT, ,-Rs. A and B, [*Hlinositol-labeled
COS-7 cells expressing the indicated re-
ceptors were preincubated with 10 mm
LiCl for 30 min prior to the addition of
vehicle or 100 nM Ang II for an additional
30 min. [*H]Inositol phosphates were ex-
tracted and measured as described under
“Experimental Procedures.” A, mean (=*
S.E.) basal and Ang II-stimulated [*H]
inositol phosphate values from four inde-
pendent experiments. WT', wild-type. B,
inositol phosphate responses normalized
for receptor expression and shown as per-
centage of the wild-type response. The 0
Ang II-stimulated data are normalized to
an equal number of receptors. C, ERK1/2
activation in serum-starved COS-7 cells
transiently transfected with the indicated
receptors and stimulated with 100 nm
Ang II for 5 min.
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Fic. 3. Desensitization of DD mutant HA-AT, ,-Rs. [*Hlinositol-
labeled COS-7 cells expressing the indicated receptors were preincu-
bated in medium alone (first two columns of the indicated receptor) or
with 100 nm Ang II (third and fourth columns) for 3 min and treated
with 150 mm NaCl, 50 mMm glycine, pH 3, for 30 s, and washed three
times with PBS. The cells were then incubated for 15 min in medium
containing 10 mM LiCl alone (solid bars) or with 100 nm Ang II (hatched
bars). [*H]Inositol phosphates were extracted and measured. A, mean
(= S.E.) basal and Ang Il-stimulated [*H]inositol phosphate values
from four independent experiments. WT', wild-type. B, data normalized
to an equal number of receptors and expressed as percentage of maxi-
mal stimulation in the absence of Ang II pretreatment.

WT DD-mutants

phosphorylation and signaling responses showed that substi-
tution of either acidic residue with alanine (DD-AD, DD-DA) or
glutamic acid (DD-DE, DD-ED) had little effect on Ang II-
induced AT;,-R phosphorylation (Fig. 5A). Replacement of
both Asp?3® and Asp?®” with glutamic acid residues (DD-EE)
likewise did not impair Ang II-induced HA-AT, ,-R phosphoryl-

[ control
Ang Il

Ang ll-stimulated
[3H] Inositol phosphates
(%WT)

C WT  DD-AA  DD-NN
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Fic. 4. Internalization kinetics of DD mutant HA-AT, ,-Rs.
COS-7 cells expressing the HA-AT,, (WT) or the DD mutant (DD-AA
and DD-NN) angiotensin receptors were incubated with '??I-Ang II at
37 °C for the indicated times. Acid-resistant and acid-sensitive binding
(cpm) were determined as described under “Experimental Procedures,”
and the specific internalized (acid-resistant) binding was expressed as
a percentage of the total binding at each time point. The data in each
panel represent mean values (*+ S.E.) from three independent
experiments.

ation. Consistent with the normal signaling of the DD-AA and
DD-NN receptors (Fig. 2A4), the [*Hlinositol phosphate re-
sponses mediated by the DD-AD, DD-DA, DD-DE, DD-ED, and
DD-EE receptors were not significantly reduced (Fig. 5B). Sim-
ilarly, the rate and magnitude of 12°I-Ang II internalization by
the mutant receptors were the same as those of the wild-type
receptor (Fig. 5C). Taken together, these data indicate that a
single acidic residue at position 236 or 237 is necessary for
optimal phosphorylation of the AT, ,-R. Substitution of either
Asp?38 or Asp?3” with alanine or glutamic acid had no effect on
agonist-induced receptor phosphorylation. In contrast, substi-
tution of both Asp?3® and Asp?3” with asparagine or alanine
residues progressively reduced the receptor phosphorylation,
which was minimal for the DD-AA receptor. These findings
suggest that the majority of agonist-induced HA-AT, ,-R phos-
phorylation in COS-7 cells is mediated by an acidotropic recep-
tor kinase, consistent with the participation of one or more
GRKs in this process.

Effects of GRK25?2°M gnd Bisindolylmaleimide on Agonist-
induced Phosphorylation of DD Mutant HA-AT', ,-Rs—Previous
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pressed as percentage of the Ang II-
induced receptor phosphorylation in
control cells. A representative image is
shown at right. WT, wild-type. B, [*H]Inosi-
tol phosphate production in COS-7 cells ex-
pressing the indicated receptors during
stimulation with 100 nM Ang II for 30 min.
Mean (+ S.E.) basal and Ang II-stimulated
[*Hlinositol phosphates values from three
independent experiments are shown in the
left panel. Data are shown as percentage of
the wild-type response in the right panel.
C, agonist-induced endocytosis in COS-7
cells expressing the indicated receptors
during incubation with *2°I-Ang II at 37 °C
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studies have indicated that the consensus sequence for GRK-
mediated phosphorylation of GPCRs includes acidic amino ac-
ids adjacent to the phosphorylation sites, whether located in
the third intracellular loop (22, 23, 27, 28) or the cytoplasmic
tail (19, 29, 30). We (15) and others (16) have observed previ-
ously that agonist-induced phosphorylation of the AT, recep-
tor is mainly localized to a serine/threonine-rich region (Ser®2¢—
Ser®?®) of its carboxyl-terminal tail. However, the three acidic
residues (at Asp®*3, Glu®57, and Glu®?) (15) in the cytoplasmic
tail do not conform to potential consensus sites for GRK-medi-
ated phosphorylation of the HA-AT, ,-R. The only potentially
relevant acidic motif located within the cytoplasmic regions of
the AT, ,-R is the Asp?3%/Asp?3” sequence in the third intracel-
lular loop. To determine whether this motif is required for
GRK-mediated phosphorylation of the agonist-activated
AT, A-R, we coexpressed a dominant negative mutant GRK2
(GRK2K22°M) with the HA-AT, ,-R or its DD mutants in COS-7
cells. GRK2K22%M yetains the ability to bind to the agonist-
occupied receptor, but is devoid of catalytic activity and acts as
a competitive inhibitor of GRK2 activity (33, 38, 39). Overex-
pression of a related mutant GRK2 (GRK2X22°F) inhibits ago-
nist-stimulated phosphorylation of the a;z-adrenergic receptor
transiently expressed in COS-7 cells (39), suggesting the en-
dogenous expression of GRK2 or a related kinase in this cell
line. In the present study, transfection of GRK2X22°M with the
HA-AT 4-R caused a 30—40-fold overexpression of the mutant
kinase compared with endogenous GRK2 levels in untrans-

5 10 15 20
Time (min)

fected COS-7 cells (Fig. 6A). When 32P-labeled cells expressing
the HA-AT,,-R were transfected with GRK2X22°M  agonist-
induced phosphorylation was reduced by ~40% due to the
inhibitory effect of the mutant kinase on the binding of its
endogenous counterpart to the agonist-activated receptor (Fig.
6A). These results are consistent with a previous report in
which agonist-induced AT,-R phosphorylation was reduced by
50% in transfected HEK 293 cells overexpressing GRK2K22°F
(13).

In contrast to its prominent effect on the native AT;-R,
coexpression of GRK2K22°M did not further decrease agonist-
stimulated phosphorylation of the DD mutants (Fig. 6A). This
finding is consistent with the involvement of GRK2 or a similar
acidotropic receptor kinase in agonist-induced HA-AT 5-recep-
tor phosphorylation in COS-7 cells. In addition, the require-
ment for the Asp?2%/Asp?3” motif at the carboxyl-terminal end
of the third intracellular loop for optimal agonist-induced re-
ceptor phosphorylation of the HA-AT,,-R suggests that the
proximal acidic environment necessary for GRK action must be
conformationally adjacent to the region of the carboxyl-termi-
nal tail that contains the phosphorylation sites (15, 16).

The participation of other kinase(s) that do not require the
presence of the diacidic motif in agonist-induced phosphoryla-
tion was examined in studies on the effect of PKC inhibition by
bisindolylmaleimide (BIM) on Ang II-induced phosphorylation.
As shown in Fig. 6B, the action of Ang II on HA-AT,, and DD
mutant receptor phosphorylation was reduced by ~30% by
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BIM, consistent with a previous study in hepatic C-9 cells (40).
An additive inhibitory effect of GRK2¥22°M and BIM was ob-
served on agonist-stimulated HA-AT ,-R phosphorylation (Fig.
6C). However, the combined inhibitory effect of both
GRK2K22°M and BIM on the agonist-induced receptor phospho-
rylation of DD mutant HA-AT, ,-Rs was similar to that of BIM
alone (Fig. 6, B and C). This result indicates the participation
of PKC as well as GRK2 and possibly other kinases in agonist-
mediated phosphorylation. Indeed, several reports have shown
that PKC has an important role in homologous and heterolo-
gous receptor phosphorylation and desensitization (40—43).

Effect of GRK2X22°M on, Agonist-induced Internalization of
DD Mutant HA-AT;,-Rs—The relationship between agonist-
induced receptor phosphorylation and endocytosis was investi-
gated by analyzing the rate and the extent of receptor inter-
nalization in cells expressing the HA-AT,,-R alone or
coexpressing GRK25X22°M  Internalization was unaltered by co-
tranfection of cells with the dominant-negative GRK2, indicat-
ing that endocytosis of the HA-AT,, receptor is mediated by
mechanisms distinct from its GRK2-dependent phosphoryla-
tion (Fig. 7A). Similar results were obtained in cells coexpress-
ing the DD mutants and GREK2K220M (Fig. 7, B and C).

DISCUSSION

Our results indicate that the diacidic motif required for
COOH-terminal phosphorylation of the HA-AT, ,-R is located
on a separate domain, in the third intracellular loop (15).
Furthermore, in contrast to the proposed diacidic motifs re-

quired for phosphorylation of rhodopsin and the B,-AR (Asp-
Glu and Glu-Asp, respectively) (19), only a single acidic residue
is required for optimal HA-AT, ,-R phosphorylation. However,
since the Asp-Glu and Glu-Asp motifs each contain an aspartic
acid residue, and no additional structural requirements have
been reported for these motifs, a single aspartic acid residue
may be sufficient for optimal phosphorylation of rhodopsin and
the B,-AR. It should be noted that the preference of GRKs for
acidic residues immediately adjacent to the phosphorylated
moiety was established using synthetic peptides of ~12 amino
acids that lack the complex structure of an intact receptor. The
present study has demonstrated that the intracellular regions
of the AT, receptor contain functionally important acidic res-
idues (Asp?36-Asp?®” in the distal portion of the third intracel-
lular loop) that are separate from the identified sites of agonist-
induced phosphorylation in the primary sequence (segment
Ser®26_Thr33® of the receptor’s cytoplasmic tail; Refs. 15 and
16). Nevertheless, these residues can apparently provide an
acidic environment for GRKs within the context of the agonist-
induced receptor conformation.

Interestingly, Small et al. (28) have recently described the
importance of an acidic motif in the normal regulation of the
ayp-adrenergic receptor. A polymorphic variant of the human
ayp-adrenergic receptor, with a deletion of three glutamic acids
in the third intracellular loop, exhibited normal ligand binding
but showed decreased agonist-induced phosphorylation medi-
ated by GRKs and complete loss of short term receptor desen-
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Fic. 7. Lack of effect of dominant negative GRK2 on agonist-
induced internalization of '?°I-Ang II in wild-type (WT) and DD
mutant receptors. A, COS-7 cells expressing the HA-AT, (A) or the
DD mutant (B and C) receptors alone or in conjunction with dominant
negative GRK2 were incubated with '?°I-Ang II at 37 °C for the indi-
cated times. Acid-resistant and acid-sensitive binding (cpm) were de-
termined as described under “Experimental Procedures,” and the spe-
cific internalized (acid-resistant) binding was expressed as a percentage
of the total binding at each time point. The data in each panel represent
mean values (= S.E.) from three independent experiments.

sitization. This deletion occurs within a stretch of acidic resi-
dues that appears to establish an optimal milieu for GRK
function (23, 28), supporting the importance of acidic residues
in the structural motif for GRK phosphorylation.

In addition to these variations in the structural require-
ments for receptor phosphorylation, it is evident that a major
difference exists in the role of phosphorylation in the functions
of the B5-AR and the AT, ,-R. Whereas GRK-mediated phos-
phorylation is a critical factor in the desensitization of G-
mediated signaling via the B,-AR (1-4), it apparently has no
major role in the desensitization of G, -mediated signaling via
the HA-AT, ,-R in COS-7 cells. Likewise, although GRK-medi-
ated phosphorylation is essential for agonist-induced internal-
ization of the B,-AR via clathrin-coated pits (1-4), it is not
required for internalization of the AT ,-R.

The presence in many GPCRs of serine/threonine-rich re-
gions in their cytoplasmic tail or third intracellular loop sug-
gests that phosphorylation of these regions regulates the inter-
nalization process. Several studies on the role of receptor
phosphorylation in the regulation of GPCR sequestration have
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indicated that phosphorylation of GPCRs by GRKS, in addition
to causing homologous desensitization, can influence their in-
ternalization (33, 44, 45). Co-expression of GRK2 with the
G;-coupled M2 muscarinic acetylcholine receptor facilitated,
and that of dominant negative GRK2X22°W attenuated, recep-
tor sequestration in COS-7 cells (44). Similar effects of GRK2
and GRK2522°M were observed with the B,-adrenergic receptor
(33). A role of GRK-mediated phosphorylation in GPCR inter-
nalization is consistent with the proposed function of B-ar-
restins as adapter proteins for the endocytosis of these recep-
tors (2). Additionally, GRK2 and B-arrestins have been shown
to act synergistically to regulate B,-adrenergic receptor inter-
nalization (45). However, several observations argue against a
general role of receptor phosphorylation in the regulation of
GPCR internalization. For example, phosphorylation of the
secretin receptor by protein kinase A has been proposed to
regulate its internalization kinetics (46). In addition, the role of
GRK2-mediated phosphorylation in the internalization of the
parathyroid hormone receptor has been questioned by the find-
ing that mutant parathyroid hormone receptors undergo endo-
cytosis in the absence of detectable agonist-induced phospho-
rylation (20). These observations, and similar data obtained
with a truncated opioid receptor (47), do not support a general
and essential role for receptor phosphorylation in the control of
GPCR internalization.

Previous studies using site-directed mutagenesis of the rat
AT, ,-R have indicated that the major site of AT,-R phospho-
rylation is localized to its carboxyl-terminal tail (15, 16, 43),
and that Ser33®-Thr33¢ are rapidly phosphorylated after recep-
tor activation (15, 16). Since these residues are also important
for internalization of the receptor, it is likely that their phos-
phorylation regulates the kinetics of AT;-R activation. In this
context, it is possible that the conformational change caused by
the DD mutations does not affect agonist-mediated phospho-
rylation of Ser33®-Thr®3¢, since the mutant receptors exhibited
normal internalization kinetics. Furthermore, mutations of
Asp?®® and Asp?3” did not cause the marked increase in Ang
IT-induced inositol phosphate accumulation as observed for the
double alanine substitution of Ser®*® and Thr33¢ (15). These
data suggest that, although GRK2 is not involved in the phos-
phorylation of the DD mutant receptor, the residual phospho-
rylation sites of this receptor include residues critical for inter-
nalization and desensitization of the receptor.

The role of AT;-R phosphorylation in the internalization of
the receptor was also questioned by the recent findings that
constitutively active (N111A and N111G) mutant AT, ,-Rs
show markedly impaired phosphorylation yet have normal in-
ternalization kinetics (48). However, it is not known whether
the constitutively active AT;-R utilizes the same internaliza-
tion pathway as the wild-type receptor. The possibility that the
DD mutant AT;-Rs are constitutively active was excluded by
the absence of increased basal inositol phosphate production
(Fig. 2A), and the inability of partial agonists such as
[Sar!,Ile®]Ang II, [Sar!,Ile*Ile®]JAng II, and CGP 42112A,
which strongly activate signaling from constitutively active
AT, receptors (48, 49), to stimulate inositol phosphate produc-
tion by the DD mutant receptors (data not shown).

Agonist-induced phosphorylation of the AT;-R has been re-
ported to be mediated predominantly by PKC at low Ang II
concentrations and by other kinases at higher agonist levels
(41-43). However, although all three predicted PKC sites
(Ser®31, Ser338, and Ser34®) in the cytoplasmic tail are phospho-
rylated during activation of the rat AT,,-R (43), these do not
include most of the amino acids that are required for AT,-R
internalization (3, 15, 16). In agreement with this report, we
have observed that inhibition of PKC by BIM does not affect
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agonist-mediated internalization of the wild-type and the DD
mutant receptors (data not shown). These findings suggest
that, although PKC-induced phosphorylation promotes the de-
sensitization of the AT;-R signaling responses, it has little or
no role in its agonist-induced internalization (41, 43).

Our observation that the diacidic motif at position 236-237
is required for optimal conformation of the receptor for GRK-
mediated phosphorylation is consistent with the probability
that the AT,, receptor can assume multiple conformational
states associated with the individual stages of receptor activa-
tion and regulation (48). The inability of the present AT,
receptor mutants to assume the conformation required for
phosphorylation, while retaining that required for inositol
phosphate signaling and internalization, also argues against
the assumption that the active, signaling state of GPCRs is the
same as that recognized by GRKs and targeted for
phosphorylation.

It has been demonstrated that internalization of the AT, ,-R
in COS-7 cells is dynamin- and B-arrestin-dependent under our
experimental conditions (50). It is possible that binding of
B-arrestin to the activated receptor before its phosphorylation
could explain the phosphorylation-independent internalization
of constitutively active AT, receptors (48). However, in the case
of the DD mutant AT, ,-Rs, it is more likely that the residual
phosphorylation sites of the receptor, as noted above, include
the residues critical for g-arrestin binding. The Ser®5-Thr?3-
Leu®®” sequence found previously to be essential for receptor
internalization (15, 35) has been shown recently to be a major
determinant of B-arrestin binding to the receptor (51). Since
GRKs and PKC are unlikely to contribute to the phosphoryla-
tion that regulates internalization of the AT, , receptor, other
kinases should also be considered for this function. In this
context, it is interesting that Tang et al. (42) reported the
contribution of an unidentified heparin-sensitive kinase in ag-
onist-induced phosphorylation and desensitization of the
AT,-R. Additionally, studies on the muscarinic receptor have
suggested that casein kinase la participates in the agonist-
induced phosphorylation of GPCRs (52).

The present data indicated that receptor kinases other than
GRKs have a major role in the regulation of AT;-R function.
The specific role of Ang II-induced GRK phosphorylation in the
regulation of AT;-R function remains to be established. In
addition to its actions in desensitization and internalization,
receptor phosphorylation has been reported to switch the cou-
pling of the B5-AR from G, to G; (53). It is possible that phos-
phorylation of the AT;-R may serve a similar purpose, espe-
cially since the latter receptor appears to couple to G; as well as
Gy11 in several rodent cell types (40, 54). However, it is also
possible that AT;-R phosphorylation may serve some other,
hitherto unrecognized, role in AT;-R action. Further studies on
the properties and functions of phosphorylation-deficient
AT, ,-Rs and other GPCRs should clarify these issues.
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